Introduction
Nonpropulsive applications of electric propulsion technology have been under investigation at the Lewis Research Center fo-the past eighteen months. This program is a spinoff from 15 years of research and development of electron bombardment mercury ion thrusters for primary propulsion and satellite stationkeeping applications. The program has been involved with both the adaption of thruster technology to ion beam source technology and the exploration of a wide range of potential applications.
All of the experiments described in this paper were performed with a xenon .source that is patterned after the eight centimeter mercury ion thruster. Ion beam sources similar to the sources described herein are presently commercially available( 1 , 2 ) These sources are commonly used for cleaning silicon substrates preparatory to integrated circuit fabrication for ion-milling photoresist patterns in the fabrication of microelectronic, microwave acoustic, and integrated optics components.( 3 ) Similarly, high density microstructure arrays of permalloy magnetic dipoles have been ion-milled for magnetic bubble devices.(4) Much higher resolution can be achieved with ionmilling than with chemical etching. Patterns with line widths of 1000 A have been obtained and contamination from chemical etching is avoided. Other applications include preparing clean surfaces for surface science research, (5) polishing of copper surfaces for 'laser mirrors( 6 ) and producing aspheric lenses. (7) A complete bibliography of ion beam technology is presented in reference 8.
The results of experiments en^ompassing a wide range of potential applications are reported in this paper. Three types of ion beam sputtering processes have been studied: sputter deposition, ion beam machining and ion beam surface texturing. terial, which is then deposited onto a substrate. In ion beam machining (fig, lb) a maks is placed between the source and the target, such that target material is selectively removed from the unahlelded locations. Figure 1(c) shows the arrangement of the source, target, and seed material used for ion beam surface texturing. The material to be textured is located in the target position and can be oriented at any angle with respect to the ion beam. A low sputtering yield seed material is mounted on a separate support and typically oriented at a forth-five degree angle with respect to the beam. The seed material also is located within the beam envelope very close to but not touching the target. The ion beam simultaneously sputters both the target and the seed material creating a microscopic surface structure on the target.
The work described in this paper is divided into four sections. The first Fection described the ion beam source and the sputtering facility. The other three sections cover the ion beam processes described in the preceding paragraph.
Ion Beam Sources and Sputtering Facilities
An eight centimeter-diameter beam xenon source, ( fig. 2) , was used for all the applications reported on in this paper. The source had enclosed keeper hollow cathodes( 7 ) with barium oxide-impregnated porous tungsten inserts for both the main cathode and the nuetralizer. The magnetic circuit had a cusped field geometry (B) with permanent rod magnets around the perimeter of the discharge chamber. The optics for beam extraction consisted of dished double grids with a small hole accelerator grid.(11) Figure 3 is a sketch of the ion beam source facility. The xenon source is mounted on a flange which in turn mounts onto one of the ports of a large vacuum facility. The port 1s connected to the main tank by a 0.91-meter diameter gate valve. The vacuum facility has three 0.75-meter diameter diffusion pumps. The facility can be evacuated to 10-7 torr and with ion beam source on operates at 2x10 -5 torr. The source is mounted on tracks so that it can be displaced along a line parallel to its axis. Sputtering targets are mounted on "shepherds' crook" supports, that can either be rotated or displaced parallel to the source axis. The targets can be mounted with their surface at any angle with respect to the ion beam. It is possible to mount multiple targets and interchange them by rotating the target support. Substrates and measuring devices can be introduced to the test facility through five centimeter and ten centimeter diameter sideports. This separate entry capability allowed samples to be removed for inspection or replaced without turning off the source and exposing it to air. It also greatly reduced the turn around time. The substrates were supported by a rod which c ,) a d be translated perpendicular to the ion team r•.-toted around the rod axis. Viewing portr viewing of the targets and substrates for pnsiti,7-ing, as well as temperature measurements by optical pyrametry.
OItIGI N AL IS
Electric propulsion technology has enabled e th development of xenon ion beam sources capable of operation over a broad range of ion accelerating voltage and ion beam current. The xei.on source can he operated at beam currents between 10 and 200 mA.' The net accelerating potential. V I , can be varied from 300 to 2000 V. At positions five and ten centimeters downstteam from the source the ion beam uniformity is 3102 over a four centimetet diameter in the center of the beam. The capability of varying both the net accelerating Toltage and the beam current is essential. For some materials it is necessary to reduce the beam energy to prevent damaging the target by overheating. For low sputtering yield materials the maximum beam energy is desirable for obtaining useful sputter deposition rates.
Ion beam sputtering has several useful characteristics in addition to a broad range of ion beam energies. The freedom to vary the angle of incidence of the beam with respect to the target maximizes sputter yield. The low facility pressure decreases gas inclusions in deposits and minimizes backsputtering. The deposition environment may be separated from the sputter source and the substrate temperature may be controlled. There is also considerable electrical flexibility in that targets and substrates may be grounded, Isolated or arbitrarily voltage biased.
As part of the applications program at Lewis Research Center, an effort has been made to develop a low-cost argon source. The choice of an argon source is dictated primarily by source gas cost. Xenon is currently two hundred and forty times more expensive than argon. The xenon source operating on an average of eighty hours per week requires one hundred dollars (1976 dollars) of xenon. It is also desirable to develop a source that is easily operated, durable, and simple to maintain. A useful source for general application should not require an expert operator. The electronic power supplies should have a minimum of controls and require a minimum of tuning while having sufficient flexibility so as not to sacrifice utility. Parametric studies of hollow cathode operation with argon indicate that for small sources (15 cm diameter and less) and beam currents less than 500 mA, it is better to use thermionic emitters. Furthermore, thermionic emitters are simpler to fabricate and operate. Their short operating lifea are not a major drawback for ground basad applications. Another area for optimization is beam flatness. It is presently thought that this can be achieved by increasing the source diameter and by converting to a multipole discharge chamber design. Table I is a list of the materials that have been ion beam sputter deposited. The xenon source described earlier was used, with the target and substrate positioned as indicated in figure 1(a) . In all cases the 7.5-cm diameter target was oriented at an angle of 45 0 with respect to the axis of the source. The table also includes the ion source operating conditions for each rate. The sputter deposition. rates were measured with a quartz crys^g tal mlcrobalance located in the substrate.position.
Ion Beam Sputter Deposition
Several different kinds of material were sputdeposited: metals, semiconductors, insulators, w ter polymers. Different ion source operating Conand ditions were required beca»se of differences in the thermal properties of the target materials. For am mple, teflon must be sputtered at low ion beam power to minimize thermal fracturing of the polymer, whereas carbon can be subjected to the maximum beam energy of the source will. ut damage. Because the sputtering yield of carbon Is low, the higher beam energy is necessary Le achieve useful sputter deposition rates.
It has generally bet:n found to be very useful to thoroughly clean ion 'beam sputter substrates prior to initiating deposition. One unique advantage of ion beam sputtering Is that it is possible to go continuously from substrate etching to deposition. This procedure together with the high velocity of the sputtered atoms results in cary good adherence of the deposition film. For metals and polymers adherent coatings were achieved with no substrate heating. To obtain adherent films of 510 2 and Al 20 3 required that the substrate be heated to approximately 400 0 C.
Silicon Films
Several specific sputter deposition projects were undertaken. One of the first projects was the deposition of silicon. Thin film silicon deposits are currently of great interest for terrestial solar energy applications. If high quality silicon films could be deposited over large areas at a reasonable cost it would be a technological breakthrough. The basic problem is to deposit films of sufficiently large crystallite size such that electrons can be collected with reasonable efficiencies before they become neutralized at grain boundaries. Several different substrate positions and orientations were tested with quartz, sapphire, and single crystal silicon as substrates. The substrates were heated during deposition to 1000 0 C. The purpose of heating the substrate was to increase the surface mobility of the silicon and thereby enhance crystal growth and increase crystallite size. The crystal orientation and grain size were analyzed with an x-ray Bragg diffractometer. The deposits were all observed to have a 110 orientation, indicating no epitaxlal growth occurred on any of thc. substrates. The maximum crystallite size was 1000 A on the sapphire substrate. '
Fabrication of Thin Film Capacitors
The recent miniaturization of electr ,3nics that has resulted from integrated circuit technology has created a need for small lightweight auxiliary components such as capacitors. Thin film capacitors, particularly multiple layer capacitors, (12) have the potential for filling this need.
Initially 510 2 and Al20 7 were deposited for the insulating layer, but after some preliminary tests teflon proved to be a superior material, primarily because teflon is much more convenient to deposit. Achieving good adherence with 510 2 or Al 2 0 3 requires the substrate to be heated to 400 0 C while teflon films can be deposited on substrate at room temperature. Single layer teflon capacitors have been fabricated by Miller and Ruff 11 using R. F. sputtering.
Considerable care is required to successfully fabricate thin film capacitors. A very thorough cleaning procedure is required, because any surface contaminsnt or surface feature can potentially short out the capacitor. A dust free envirovimt is essential. Substrates must be free of scratches and pits. Single layer capacitors, like the one shove in figure 4 , are made by sequential deposition of an aluminum film, a teflon film, and then another aluminum film. Masks are used to define the film deposition boundaries. A !--millimeter clearance was intentionally left between the mask and the substrate for two reasons. First some space is required so that mask can be removed without damaging previously deposited films, but more importantly it also results in a tapered film edge. Tapered film edges allow deposition of layer films without developing shorts at the edges. Table II is a comparison between bulk teflon, R. F. sputtered teflon and ion beam sputtered teflon. The films are very similar. Figure 5 shows the dependence of capacitance on teflon thickness deposited by ion beam sputtering. The measured capacitance agrees t2asonably well with the inverse thickness dependency predicted by the simple capacitor equation
where K is the dielectric constant, t o is the permittivity of free space, A is the active area, and d is the thickness.
The current emphasis of the thin film capacitor program is on the investigation of problems associated with depositing multiple layers on low cost, thin glass substrates. A remotely operated mask changer has been developed which makes It possible to precisei; .hange masks without removing the capacitor from the vacuum system. This in aitu operation eliminates contamination from dust or handling.
General Purpose Deposition
Teflon films have applications in manv areas other than capacitor fabrication, su r f: as lubrication and corrosion applications. One particularly unique example is the -r..apsulatfon of pressure transducers that are implanted in the human body. The body filuds offer an extremely corrosive environment and the long term protection of implanted devices is a major biomedical problem.
Ion beam sputte: deposition is particularly well suited for depositing carbon. Because carbon has one of the lowest sputtering yields it is difficult to deposit at hi;h rates. With a beam current of 150 mA, a net accelerating voltage of 2000 volts, and with the target oriented at 45 0 with respect to the beam, adhe{ent coatings have been achieved at rates of 300 A/min.. Since the carbon target was well below its melting point, much higher rates are possible with higher beam currents. Even further increase of sputtering rates is possible if the target is cooled.
It is also possible to create composite films by sputtering targets composed of more than one material. The sputter deposits that result will be homogenous mixtures of the target materials. Any combination of solid materials is theoretically possible. Such combinations as aluminum-copper and teflon-copper have been deposited. This technique can create a whcle new class of materials, some of which may have interesting and useful properties.
The relaeivf ratio of constituents
Is determined by ,the target area struck by the ion beam and the rellative ratio of the sputtering yields.
Ion Dean Machining
Ion beam machining as used herein refers to erosion processes where the workpiece is immersed directly in the ion beam. Some examples of processes that are presently well established include ion beam cleaning of silicon, ion beam milling of integrated optical electronics components, and ion beam milling of diffraction gratings. In the sections that follow some specific applications of ion beam machining are discussed.
Ion Beam Polishing
Seven metal samples-aluminum, copper, brass, tantalum, iron, galvanized and stainless steel were first sand blasted to obtain a uniform well defined roughnese and then polished with an ion beam. The sandblasting conditions were as follows: 50L SIC grit, 65 N/cm 2 (80 paig) pressure, with the nozzle oriented perpendicular to -he metal surface and positioned 2 5 cm away. The samples were then cut in half, one half was retained for documenting the initial surface roughness and the other half was ion beam polished. The seven samples were mounted such that the ion beam was directed targential to the sample surface. The beam preferentially sputters the high points thus polishing the surface. The samples were polished in this manner for twenty-four hours at a net accelerating voltage of 1000 volts and a beam current of 100 mA. After polishing the samples were then examined using a scanning electron microscope. Photomicrographs of brass and tantalum surfaces before and after polishing are shown in figure 6 . Two results were immediately apparent. First, not surprisingly, the softer materials were more readily polished and, second, the polished surfaces appeared channeled or grooved. The appearance of grooves strongly suggests the need for rotating the sample during polishing. Figure 7 is a photograph of a carbon mask covering a 1.6 mm thick stainless steel backing :.heel that were used for ion beam drilling of irregularly shaped holes. The ion beam was directed perpendicular to the surface of the mask. Because stainless steel sputters at a much faster rate than carbon, holes can be drilled in the stainless backing sheet with very little change in the mask thickness. The experiment operated for 75 hours at a net accelerating voltage of 1000 volts and a beam current of 100 mA. The holes that resulted were uniform in size across the thickness of the target and a very exact reproduction of the mask openingb. The etching rats of the stainless steel was 2100 A/mIn which produced holes 0.9-mm deep as shown in figure 7 . Ion beam drilling is especially applicable for producing arrays of irregularly shaped holes.
Ion Scam Drills

Ton Beam Milling
Laser reflection holograms have also been fabricated by ion beam milling. Photoresist patterns are first printed on the silicon work piece and then sputtered with an ion beam. Material is selectively sputtered away in regions where the workpiece is not covered by photoresist. 4fter sputtering to the desired depth, the remaining photoreelst is chemically Figure 8 1s a photograph of a hologram that was milled at a distance of 20 ass And 300 yo7,t net accelerating voltage at 10 milliamperes of beam current. The low ion beam energy was required because of the relatively low temperature melting point of the photoresist material. Figure 9 shows two scanning electron photomicrographs at 100 X and 1000 X. This hologram was subsequently tested ue, Sng a helium-neon laser and produced a satisfactory image. The primary advantages of ion beam milling holograms are the accurate reproduction of the photoresist patte_ns and the avoidance of chemical contamination and undercutting.
Ion Beam Texturi Background
In 1942 Guentherschulze and Tollmien (14) observed angular variations in the surface reflectivity of flow discharge cathodes that they hypothesized were the result of a subv:croscopic surface texture, Later Stewart and hvmpson (15) published scanning electron photomicrographs of conical protrusions on tin and silicon surfaces that had been sputter etched with a -adio-frequency argon ion source. They concurred with Guentherschulze's postulation that the cones occur where low sputtering yield particles protect the underlyin material from sputtering. Wehner and Hajicek (16) have shown that surface texture can be produced by supplying surfaces with lower sputtering yield atoms (seed material) during sputter etching. It is thought that the low sputtering yield atoms agglomerate into microscopic regions, thus preventing the higher =puttering yield atoms beneath them from being sputtered. This paper presents results of ion beam texturing of surfaces for a number of elements and compounds. Scanning electron photomicrographs are presented which show the resulting surface texture characteristic of different regions of the periodic table. Photomicrographs are also presented which document the initial stages and growth of the surface testure. Variations of the texture with seeding material, ion energy, beam current and surface temperature have been studied.
Ion Beam Texturing Process
For ion beam texturing the ion source was operated at a net accelerating potential of 1000 volts and a beam current of 100 mA. The current density at the center of the beam ten centimeters from the source was 2.0 mA/cm 2 . The specific operating conditions were varied depending on the melting point of the target material.
The material to be textured was located 10-centimeters from the source and centered in the Son beam. Although it could have been oriented at any angle, it was mounted with the ion source axis normal to its surface. The seed material was mounted on a separate support and was oriented at a 45 0 angle with rebpect to source axis. The ion beam simultaneously sputtered both the target and the seed material. Sufficient seed material was sputter deposited onto the target such that a dense uniform texture was created over areas up to three centimeters in diameter.
Morphology of Textured Elements
Ion beam texturing using tantalum as the seed ,material was attempted on thirty different elements. ITwenty-six elesents were successfully textured and 'are shown shaded in figure 10 . The texturing process was unsuccessful for Nb, Me, I's and W, the four crosshatched elements in figure 10 . All of the elements that could not be textured are in columns VB and VIB of the periodic chart. It is interesting to compare this observation with the periodicity effect of the low energy sputteren yield ( fig. 11 ) that has been regRorted by Wehner (l^) and by Wehner and Rosenberg.( IO ) The elements (Nb, Mo, Ta, W) that showed no signs of texture are all relarively low sputtering yield materials. However, several elements (C, Si, Ti, and Zr) have lower sputtering yields than tantalum, but nevertheless were still textured. Conversely, tungsten has a higher sputtering yield than tantalum but did not texture. The elements in column rVB of the periodic chart all could be textured; however zirconium textured at a faster rate (4.3x10-6 cm/min) than either hafnium (6.7x10 -7 cm/min) or titanium (1.0x10 -6 cm/min). It is extremely difficult to describe the morphological differencua of the twenty-six elements that were textured. A large number of elements had textures that can be classified as either a ridge structures or a cone structures. Figure 12 (a) is a photomicrograph of the convoluted ridge morphology that occurred with nickel and many of the other low sputtering yield materials (Ti, Fe, Co, Zr, Hf, Gd). Many of the higher sputtering yield materials had morphologies that look like densely packed cores or needles. The scanning electron photomicrograph of copper shown in f i gure 12(b) is an example of the cone structure. The other elements that exhibit this type of structure include Mg, Cr, Ag, Au, Hg, A1, C, Si, Ge, Pb and B1. 7be remaining materials that textured but showed neigher a ridge structure nor a cone structure are C, Be, Zn, Dn, Sn, and Sb. Their surface textures were all unique. Analysis of the x-ray energy dispersion of textured silicon confirmed Wehner's postulation that the regions on the top of the cones had considerably more tantalum than the regions between the cones.
In addition to the elements, a few compounds, alloys and polymers such as stainless steel, CrAu, and teflon have been textured. The resulting surface morphologies were also identifiable as ridge and -one structures.
The Fvolution of Surface Texture
A aeries of copper samples were Ion beam textured at a net accelerating voltage of 1000 volts and a beam current of 100 mA for periods of two, four, eight, sixteen, and thirty-two minutes. Figurr 13 shows two scanning electron microscope views of the two minute textured surface. The vertical view shown the distribution of what are believed to be he tantalum nucleation sites. Thev seem to be composed of islands 0.1 to 0.5 Um in diameter. The angular view shows the depth of the structure and the Initiation of the texture. Figure 14 shows the surface texture after four minutes of ton beam texturing. The peaks are on the average somewhat larger in diameter than after two minutes and In a few locations appear to be lined up in rows. After four minutes the formation of the cone structure is clearly well underway. After eight minutes the surface is completely textured and looked almost exactly like figure 10(b) . Further exposure to the Ion beam only resulted in increased depth of the structure. Xota Chat soae of the cones in fig__4k i1
which the tantalum seed mater-I ial web rotated out of the ion beam and the surface, Vas sputter etched for one minute at the same beam current and voltage. The cone structure was almostj completel} removed.
Measurements of the average copper cone height with respect to the ion beam exposure time are graphed in figure 15 . The curve has a change in slope between the four minute point and the eight minute point. This is probably a result of the translLion from the initial stages of texturing to the lower sputtering yield later stages where more sputtered atoms are trapped by the cones. The cone growth rate in the later stage is estimated at 0.09 4m/min. At the same beam conditions the copper etch rate with no tantalum present was 0.12 pm/ min. By way of comparison stainless steel has a texture growth rate of 0.01 Um/min under the same conditions.
Texturing Parameters
There are several parameters which influence the texturing process, such as the kind of seed material, its arrival rate at the target, the net accelerating voltage, the beam current, and the target temperature. A complete analysis of the large number of parametric perturbations is beyond the scope of this paper, nevertheless some specific observations are of interest. Figure 16 shows textured copper surfaces that resulted with tungsten as seed material and with Al 2 0 3 as seed material. The morphologies were different from each other and different from those created with a tantalum seed material, figure 12(b) . However, a different seed material does not always result in a different morphology. When silicon was textured with tantalum, molybdenum, or titanium the resulting morphologies were found to be nearly identical.
Thi structure density of the texture (the number of cc..ies or ridges per unit area) was found to be dependent on the arrival rate of the seed material. At low arrival Mates the cones were more widely separated and more perfectly formed. It is also possible for the seed material arrival rate to be so high that no texture forms on the target.
Preliminary measurements of the growth rate of stainless steel texture found it to be proportional to both beam current and net accelerating potential.
Surface temperature is also very important to the texturing phenomena. For example if the normal texturing process of copper with tantalum seed material was interrupted after every minute of operation and allowed to cool for several minutes, no texture was created. Instead the copper became coated with tantalum. This may have resulted because of the temperature activated surface mobility of the seed material as postulated by Wehner.
Concludin g Remarks
An existing 8-cm xenon ion thruster was adapted to serve as the ion beam source for a investigatfon into non-propulsive applications. The Son O RIGINAL PAGE IS OF POOR QUALITY sam source has proven to be very useful for general urpoas sputter deposition. Several materials that re difficult to sputter by other techniques such as Al20 33 , S10 2 , carbon, and teflon can be sputter depoeited at useful rates using this ion beam. An ion beam source has demonstrated the ability to produce a controlled texturing of surfaces. Twenty-six elements have been textured and the resulting surface morphologies have been characterized. A large number of elements had textures that could be classified as either a ridge structure of a cone structure.
The surface morphology created by ion beam texturing has different areas of potential applications. This type of surface treatment could be used to modify reflectance and emissivity, to decrease secondary electron emission, to promote thin film adhesion, to increase catalytic reactions, and to reduce the effective sputtering yield. i
